ABSTRACT Aiming at the problem of attitude angular motion coupling of a high-spinning rigid body, the model of the compound regular precession and the random angular motion is constructed by studying the angular motion characteristics of the high-spinning rigid body. This paper presents a new decoupling method with least squares angular rate zero-crossing detection. This method can estimate the coupling parameters in the model by estimating the angular motion period, and then, it extracts the real angular velocity information. In order to improve the attitude solution accuracy, a new four-subsample quaternion attitude algorithm is proposed by combining the angular velocity polynomial fitting and the attitude quaternion high-order Taylor series expansion. The self-developed high dynamic gyro and Missile-borne computer and simulation software are used to verify the attitude angle resolution accuracy between the traditional method and the new method proposed in this paper. The results show that the method is superior to the traditional algorithm, and increase by an order of magnitude. Finally, the flight test with the high dynamic gyro and Missile-borne computer is carried out to verify the real-time decoupling and attitude angle real-time solving ability of the proposed algorithm in the flight test.
I. INTRODUCTION
Due to the complex kinematics and dynamics features of the high-spinning rigid body, it is impossible to solve the attitude with high precision. The precondition of the attitude calculation is to ensure accurate angular velocity of the rigid body. In the high-spinning rotating environment, the rigid body has complex angular motion characteristics, and it is difficult to propose a true angular rate signal. The main reason is that the coupling between the linear motion and the angular motion of the rigid body makes the real angular velocity extraction difficult. Based on the above coupling characteristics, the attitude solution for the high-spinning rigid body will inevitably produce a certain solution error, and the cone error is more prominent. Therefore, it is necessary to study a high-precision attitude solution method or to isolate the attitude coupling error caused by high-spinning motion.
The conventional attitude measuring device is composed of a three-axis gyro, obtaining the attitude angle of the rigid body by integrating the angular rate measured by the gyro and coordinate system conversion. According to different application fields and environmental requirements, we can choose the suitable measuring device and sensors. In the harsh environment of high-spinning, high overload and high pressure, the inertia sensors such as the traditional gyro are difficult to meet the measurement requirements. Therefore, a high dynamic gyro [1] - [4] measurement device must be used to measure the attitude parameters of the high-spinning rigid body. In addition, the angular velocity of the rigid body can be obtained by using other sensors, including accelerometers [5] - [7] , magnetometers [8] - [12] , GPS [13] - [15] , infrared sensors [16] , star sensors [17] , sun sensors [18] and so on.
To address the problem of attitude drift caused by coning error in high dynamic environment, researchers in the field of navigation mainly focus on the research of two attitude solving algorithms. One is the high-spinning attitude solution using the first-order numerical integration algorithm, the other is the low speed attitude solution using the high-order numerical integration algorithm. Savage combines the advantages of the above two algorithms and proposes a two-speed attitude solving algorithm [19] . The overall accuracy of the two-speed algorithm is comparable to the high-spinning attitude solution using a high-order integration algorithm. Jordan proposes a new two-speed attitude solving method [20] . The analytic form begins with a simplified two-order integral algorithm defined at high speed, and provides an accurate high-order algorithm for the mediumspeed algorithm with the input of the attitude change as the input. The rotation vector based quaternion updating method is a strap-down attitude algorithm to reduce the non-exchangeable error. The conception was presented by Bortz [21] . Miller directly construct an n-order compensation algorithm by using n gyro samples in an update period [22] . The disadvantage of this kind of algorithm is that the computation complexity increased sharply with the increasing of gyro sample number. Mark proposed deriving the attitude solving algorithm based on the specific frequency characteristics of the gyro [23] .These algorithms can be designed to be arbitrary and can suppress the coning error to the greatest extent. Lee et al. [24] deduced the four-subsample algorithm for angular incremental input, and increased the accuracy of attitude calculation by increasing the number of subsamples. Ignagni expanded Miller's results and showed that the optimization procedure performed in a pure coning environment also maximized the coning performance in generalized vibrational environment [25] , [26] . Savage presented an approach that was called the explicit frequency shaping for the coning algorithm design, with coefficients designed by using least-squares error minimization rather than the frequency series expansion to achieve optimal coning performance [27] , [28] . In order to decrease the coning error, Patera [29] proposed a new method to propagate platform attitude. In his work, the angular-rate vector was transformed to a slewing reference frame. As a result, there is no attitude error for the platform under the condition of pure coning motion. Wang et al. [30] designed a new attitude update algorithm, which has a significant performance advantage in large vibration environments by calculating the high-order terms of the rotation vector. Tang studied a new half-compressed coning algorithm, while the maneuver accuracy of the halfcompressed algorithm is significantly higher than the past compressed algorithm. Since then, the bilateral coning algorithm is recommended for its high efficiency and accuracy [31] , [32] . In addition, an attitude algorithm based on Rodrigues parameters has been proposed and some research progress has been made [33] - [37] . However, the method has a singular value in the attitude angle during the rotation process, which is not conducive to engineering applications in a large maneuvering environment. Therefore, the design of the above attitude algorithm can change its formula and structure according to different application environments, so as to facilitate better application.
Motivated by above-mentioned discussions, this paper proposes an angular velocity decoupling method by constructing a compound angular kinematic coupling model of high-spinning rigid body. A high-precision attitude solution method is studied by using the angular velocity of decoupling. The prime contributions of this paper are as follows: 1) A minimum-square angular rate zero-crossing detection method is proposed to solve the angular motion coupling problem caused by high-spinning rotation. 2) A foursubsample quaternion attitude solving method is proposed. The accuracy of attitude is improved by the combination of angular velocity polynomial fitting and quaternion highorder Taylor series expansion. This paper is organized as follows. In section 2, the coupled model of the compound angular motion of the high-spinning body is analyzed and constructed. Section 3 proposes a least squares angular rate zero-crossing detection method to solve the model parameters. Section 4 gives the attitude solution process of the foursubsample quaternion algorithm. In section 5, the algorithm accuracy of attitude is compared, the flight test is carried out to verify the real-time solution function of the algorithm. Finally, the paper is concluded in the last section.
II. QUATERNION REPRESENTATION OF ANGULAR MOTION
In the process of high-spinning rotation, the motion of the high-spinning rigid body is complex. In order to increase attitude solution accuracy, we need to analyze the angular motion process of the rigid body to construct an accurate and complete angular motion model, so as to ensure the high-spinning rigid body attitude solution accuracy. We can consider that the angular motion of a high-spinning rigid body is a kind of compound superposition motion including regular precession and random angular motion. In order to understand the angular motion characteristics of the high-spinning rigid body more clearly, Figure 1 is a schematic diagram of the rigid body coordinate system and the angular motion direction. In the figure, the O n − X n Y n Z n is navigation coordinate frame, the O b − X b Y b Z b is rigid body coordinate frame. The X-axis is the rotation axis of the rigid body, the angular velocity components on the three orthogonal axes are ω bx , ω by , ω bz , the quaternion form of angular motion can be expressed as:
Regular precession refers to the rotation movement of a rigid body in the pure coning motion with a constant angular velocity value along the axis of the conical trajectory. It essentially consists of two kinds of motion states: the spin motion and the coning motion of the rigid body. The spin motion refers to the rotary motion of the rigid body around a certain rotation axis of itself. Assuming that the rigid body rotates around its own X-axis, its angular rate of rotation is ω 0 , and the Y-axis and Z-axis have no rotational motion. The quaternion of the rigid body spin angular motion can be expressed as:
The coning motion of a rigid body refers to the movement of a conical surface or an approximately conical surface of a third orthogonal axis in space when there are angular vibrations having the same frequency and different phases in the direction of the two orthogonal axes of the rigid body. Assuming that the angular vibration frequency of pure coning motion is ω c , the half cone angle is α, t represents the coning motion time, the Euler rotation vector can be expressed as:
The rotation quaternion can be expressed as follow:
Thus, the quaternion under rule precession can be expressed as follow:
The differential equation for quaternion is given by:
Because Q m (t) is a normalized quaternion, the inverse of the quaternion is equal to the conjugate of the quaternion:
The quaternion of the angular velocity in the rigid body coordinate frame under the rule precession environment can be expressed as follow:
The latter two terms in the Eq.(9) are periodically distributed with time, and the first term contains the spin angular rate of the rigid body. When the parameters are constant, we can think that the Eq. (9) is the angular motion model under the rule precession.
The random angular motion of the high-spinning rigid body means that the rigid body is in an angular vibration state during high-spinning rotation, and the angular velocity of the rigid body has an infinite number of sine and cosine terms superimposed. Its angular motion model is given by:
where A i and B i are angle vibration amplitudes under random angular motion, λ i and η i are phases, and their corresponding angular frequencies are i .
We perform a trigonometric function transformation on the component in the Eq.(10), so that we can obtain the random angular velocity of the Y-axis and the Z-axis:
where the phase difference between ω yi and ω zi is 90 degrees, it doesn't matter the value of η i and λ i , the rigid body angular motion described by the Eq.(11) can be regarded as a typical coning motion, and the amplitude is related to η i and λ i . Based on the above analysis, it can be concluded from Eq. (9) and Eq.(10) that the compound angular motion model of the high-spinning rigid body can be written as follow:
The schematic diagram of the rule precession and compound angular motion characteristic curve is shown in Fig. 2 .
It can be seen from Fig. 2 that the compound angular motion causes irregular motion of the axial angular velocity, and it is difficult to calculate the angular motion characteristics, which happen with some randomness and unpredictability. The compound angular motion has obvious angular motion coupling characteristics in Fig. 3 , so the compound angular motion must be decoupled, the real angular velocity of the rigid body is calculated and the attitude error is minimized.
III. ANGULAR MOTION DECOUPLING
According to the angular motion model of the high-spinning rigid body constructed in the second section, it can be seen from the model that the angular velocity of the high-spinning rigid body mixes the angular velocities of the two motions, the angular velocity corresponding to the regular precession exhibits a sine and cosine signal form, randomly Angular motion is a superposition of multiple sine and cosine signals. For the two mixed motion, the angular rate (ω 0 − ω c ) under the precession of the rule is extracted, and the precession angular rate ω c is further decoupled in combination with the spin angular rate ω 0 . The block diagram of angular motion decoupling is shown in Fig.4 .
First, extracting the Z-axis angular velocity, and let the second term of Eq. (12):
Further, let:
where Eq. (14) and Eq. (15) representing regular precession signals and random angular motion signals respectively, the derivation of Eq. (13) and Eq. (14) are given by:
letż(t) = 0, then the time point t 1 of z 1 (t) at which a reaches the maximum and minimum values satisfies:
letż 1 (t) = 0, then the time point t 2 of z 1 (t) at which a reaches the maximum and minimum values satisfies:
Comparing Eq. (18) and Eq.(19), the time points at which z(t) and z 1 (t) reach the peaks and troughs are not the same. The angular frequency in the calculation z(t) by detecting the time point signals of the peaks and troughs is not correct. Therefore, it is necessary to separate the random angular motion terms in z(t) to accurately extract the angular frequency (ω 0 −ω c ). So we let z(t) = z 2 (t), then the time point t 3 VOLUME 7, 2019 equal to z(t) and z 2 (t) satisfies:
The peak and trough value in one cycle can be obtained by using the peak detection method in one cycle of z(t) by the Eq. (20), corresponding time points t e1 and t e2 can also be obtained, intermediate time point t e3 satisfies:
According to this method, the value of each zero-crossing point and the corresponding time point can be obtained. 
Then subtract the estimatedẑ 2 (t) from the original signal z(t) to get the decoupled signalẑ 1 (t):
Based on the above analysis of the decoupling process, the final decouplingẑ 1 (t) is the component of the highspinning rigid body precession signal on the Z-axis. In the same way, the component on the Y-axis can also be decoupled according to this method. According to the decoupledẑ 1 (t) signal, obtaining the angular frequency of (ω 0 − ω c ), the time-frequency characteristic function can be expressed as follow.
The least squares zero-crossing detection method is used to determine the period T of the precession signal. First, the zero-crossing point of the sine signal or the cosine signal must be extracted to solve the angular frequency.
Because of the calculation process is interval sampling, it is not appear zero-crossing point. If the point near the sampling zero is approximated as a zero crossing, an error will be introduced, especially if there is noise and the sampling rate is low, the error will increase. In this paper, the least squares fitting polynomial method is used to detect the zero point, and the signal frequency is further optimally extracted.
Assume that the m coordinates before zero point are respectively (t f 1 , z(t f 1 )), (t f 2 , z(t f 2 )), . . . .., (t fm , z(t fm )), the n coordinates before zero point are respectively (t fm+1 , z(t fm+1 )), (t fm+2 , z(t fm+2 )), . . . .., (t fm+n , z(t fm+n )), using a least squares fit polynomial to find the fit factor, second-order fitting polynomial is expressed as follow.
The expansion form of Eq.(25) can be expressed as follow:
According to the Eq. (26), the fitting coefficients k 1 k 2 k 3 are obtained, let the matrix
, substituting the coefficients of the quadratic polynomial into Eq. (26) gives the expression of the quadratic fitting function. Let Z 1 (t) = 0, we can find the time value of the zero crossing t zero , assuming that the values of the two adjacent zero crossings are t 1 zero and t 2 zero respectively, then a time period T can be expressed as: (27) Substituting Eq. (27) into Eq. (24) , getting the angular frequency (ω 0 − ω c ), using the obtained spin angular rate ω 0 , further decoupling the precession angular rate ω c .
IV. FOUR-SUBSAMPLE QUATERNION ALGORITHM
By analyzing the research status of attitude algorithm in high dynamic environment, most of them use the equivalent rotation vector algorithm to solve the attitude. The multisubsample equivalent rotation vector algorithm uses the polynomial to fit the angular velocity of the carrier, and uses the differential equation for rotation vector to construct the Taylor series expansion of the rotation vector to solve the equivalent rotation vector, the relationship between the equivalent rotation vector and the quaternion is used to solve the attitude quaternion, and then apply the above two solving techniques to reduce the non-exchangeable error. The traditional quaternion algorithm uses the Picard approximation method (equivalent to the single-subsample rotation vector method) to solve the differential equation for quaternion and calculate attitude quaternion. The Picard approximation method solves the differential equation for quaternion without the polynomial fitting of the angular velocity of the carrier or the Taylor series expansion of the attitude quaternion. These two defects lead to the lower accuracy of the quaternion method. Therefore, this paper intends to improve the differential equation for quaternion to make up for the shortcomings of the traditional quaternion algorithm.
A. THE PRINCIPLE OF ROTATION RECTOR
In the traditional strap-down inertial navigation attitude algorithm, based on the principle of infinitesimal rotation vector, it is considered that the transformation between the carrier coordinate frame and the reference coordinate frame is realized by a series of rotations in an infinitesimal time period, and assuming that the order of rotation is not important. However, in high dynamic or bad conditions, such as the rotation of the high-spinning rigid body in the case of conical motion, the rotation of the rigid body is often a finite rotation, and the order of rotation can't be exchanged, so that the attitude calculation process will cause an attitude error. According to the theoretical mechanics, no matter how it rotates, it can be equivalently considered that the rigid body coordinate frame Ox t y t z t is rotated three times in the starting position and three times to reach the Ox b y b z b position, and the corresponding three rotation angles are a set of Euler angles θ , γ , ϕ (that is, the attitude angle), the corresponding attitude matrix can be determined. In fact, it can also be equivalently considered that the rotation angle of the unit vector u on a certain instantaneous axis is φ, the rotation vector a is defined as: = φ · u = [ x y z ] T , In order to calculate the rigid body attitude matrix, it is necessary to sample the angular velocity signal of the gyro in the rigid body coordinate frame, and construct a corresponding rotation vector according to the sampled value and the differential equation for rotational vector.
B. FOUR-SUBSAMPLE ROTATION VECTOR ALGORITHM
Four-subsample equivalent rotation vector is calculated from sampled values of four angular increments in a single cycle, and using the equivalent rotation vector to calculate the attitude quaternion. The algorithm compensates the nonexchangeable error generated by the rigid body rotates when it in space, which reduces the calculation error. The attitude quaternion update equation can be expressed as:
where Q(t k ) and Q(t k+1 ) are the attitude quaternions of t k moment and t k+1 moment, respectively, q(h) is attitude change quaternion during [t k , t k+1 ] time period, q(h) = cos(φ/2)+( /φ) sin(φ/2), is the equivalent rotation vector of the rigid body coordinate frame from the t k moment to the t k+1 moment angular position change, φ = | |. The differential equation for the rotation vector can be obtained by simplifying the Bortz equation:
where ω b is the angular rate of the rigid body from t k moment to t k+1 moment, and the polynomial fitting equation of the angular rate is:
where a, b, c, d are fitting parameters for cubic polynomial, 0 ≤ τ ≤ h, h = t k − t k−1 is the attitude update cycle. The Taylor series expansion equation of the equivalent rotation vector is:
According to the derivation process of Lee solving the rotation vector, the equivalent rotation vector can be expressed as:
where θ 1 , θ 2 , θ 3 , θ 4 are the angular increments of
, t k+1 ] in four time periods respectively. By analyzing the derivation process of the rotation vector, we can see that the four-sample rotation vector applies the Taylor series expansion and the polynomial fitting of the angular velocity ω b to solve the VOLUME 7, 2019 equivalent rotation vector of the rigid body. Therefore, when solving the attitude quaternion, try to use Taylor series expansion and the polynomial fitting of the angular velocity to improve the solution accuracy.
C. FOUR-SUBSAMPLE QUATERNION ALGORITHM
In general, the multi-subsample rotation vector method can increase the number of subsamples to improve attitude calculation accuracy. Before solving the attitude quaternion, first calculates the equivalent rotation vector of the current period, and then calculates the attitude quaternion of the current moment by means of the equivalent rotation vector. The equivalent rotation vector method for solving the attitude quaternion is not directly solved, but is solved by the equivalent rotation vector of the current period. The quaternion is directly solves the differential equation for quaternion and solves the attitude quaternion of the current moment.
Comparing the calculation process of the quaternion method and the equivalent vector rotation vector method when solve the attitude quaternion, we can find that the quaternion method is more direct and more concise, but the calculation accuracy is lower than the equivalent rotation vector method. If the accuracy of the quaternion method is improved to the same level of accuracy as the multi-sample rotation vector method, the advantages of the quaternion algorithm will be highlighted. Therefore, a new quaternion algorithm is proposed by referring to the derivation process of four sub-sample rotation vector. The flow chart of foursubsample quaternion algorithm is shown in Fig. 6 .
The derivation process is as follows: First, the differential equation for quaternion can be expressed as:Q
where Q represents the attitude quaternion of the rigid body, Q = q 0 q 1 q 2 q 3 , M (ω b ) represents angular velocity matrix:
where ω x ω y ω z respectively represent the angular velocities of the three orthogonal axes of the rigid body, For simplicity, let:
Then the differential equation for quaternion can be written as:Q
Assuming that Q and M (×) are differentiable, the derivatives of the Eq.(36) can be expressed as follows:
... 
M (×)
By observing the order of equation, the various coefficient terms are arranged exactly as the n-1th line of the ''Yang Hui Triangle''. Therefore, the n-order derivative of the differential equation for quaternion can be written as:
The arbitrary derivative of the differential equation for quaternion can be obtained by using the above equation. The foursubsample differential equation for quaternion is solved by referring to the solution technique of the four-subsample rotation vector. Assuming that Q(t k ) and Q(t k+1 ) are the attitude quaternions of t k moment and t k+1 moment respectively, the Taylor series expansion equation of the attitude quaternions Q(t k+1 ) is:
represents the attitude update cycle, the angular increment can be written as:
According to the decoupled angular rate in Section 3, the angular increment form can be written as:
where N takes the value 1, 2, 3, 4, and polynomial fitting coefficient can be obtained by deriving the derivative of ω b .
Deriving the derivative of the angular increment θ:
Simultaneous Eq. (34) and Eq. (35), we get:
Then, first-order derivative can be expressed as:
Similarly, the second-order derivative can be expressed as:
Similarly, the third-order derivative can be expressed as:
So, the n-order derivative can be expressed as:
The following equations can be obtained by the angular increment equations: 
Using the equation (52) we can inversely solve the coefficients a, b, c, d:
The four-subsample differential equation for quaternion is obtained using Eq.(47-50) in Eq.(41):
The different order derivatives of the differential equation for quaternion can be obtained by combining the above equations. The iterative method can be used to solve the attitude quaternion in calculation and programming.
Using Eq.(36-40) in Eq. (42) and simplification can obtain the Taylor series expansion of four subsample quaternions equations of different orders:
First-order Taylor series expansion:
Second-order Taylor series expansion:
Third-order Taylor series expansion:
Four-order Taylor series expansion: 
Using the above equation into the rotation quaternion Taylor series expansion can obtain the calculation result of the four-subsample quaternion algorithm with the form of angular increment. Using the angular increment to find the angle, and then utilize the direction cosine matrix to get the attitude angle of the rigid body.
V. SIMULATION ANALYSIS AND FLIGHT TEST A. SIMULATION AND ANALYSIS
In this section, the precision difference between the foursubsample quaternion algorithm and the traditional attitude algorithm is compared, using the software to simulate experiment. Assuming that the simulation environment is a complex cone motion environment, the coning half-angle α is 2 deg, cone frequency is 2π rad/s, the rotation angle frequency is 10π rad/s, sampling frequency is 100Hz and simulation time is 60 seconds. Ignore the effect of random angular motion, then the simulation results are shown in Fig.7 .
Through simulation and analysis, it can be seen from Fig. 7 that the pitch error and the yaw error of the fourthorder four-subsample quaternion algorithm are one order of magnitude higher than the accuracy of the four-subsample rotation vector method in the case of the cone motion. The roll error is doubled compared to the accuracy of the four-sample rotation vector method.
It can be seen from the comparison of Fig. 8(a), (b) , (c), and (d) that the Taylor series expansion method of the high order term can improve the attitude resolution accuracy of the four-subsample quaternion algorithm. The higher the order of Taylor series expansion, the higher the calculation accuracy. However, when this method is used, the resolution accuracy is not improved after the expansion order is greater than the fifth order.
Compared with the traditional attitude solving algorithm, the quaternion quad-sample algorithm proposed in this paper takes more time to calculate than the traditional algorithm, but it has high accuracy and still meets the real-time requirements. In the simulation process, the iterative method is used to solve the four-subsample quaternion. The simulation experiment is carried out 6 times. The experimental results are shown in Table 1 . In the six simulation experiments, the four-subsample rotation vector algorithm takes less than the four-subsample quaternion algorithm, so it can be concluded that although the four-subsample quaternion algorithm averages more time than the fourth-subsample rotation vector algorithm is long, but still meets the real-time requirements, and the calculation accuracy of the four-subsample quaternion algorithm of the high-order Taylor series expansion is better than that of the four-subsample rotation vector algorithm.
In Fig.9 compares the solution error of the attitude before and after decoupling of the rigid body angular velocity. It can be seen from the simulation diagram that the attitude error of before decoupling has a certain random jump characteristic, the attitude error of after decoupling tends to be stable after solving, and exhibits convergence characteristics.
In Figure 10 , using the attitude algorithm proposed in this paper to analyze the relationship between attitude error drift and coning motion frequency (1-200Hz) . At the same sampling frequency, the accuracy of the algorithm is proportional to the number of sampling periods in the attitude update period. That is, the more angular velocity information used in the attitude update period, the higher the accuracy of the algorithm. The analysis chart shows that the attitude error drift rate is proportional to the cone motion angle frequency at the same gyro sampling frequency. Fig.11 shows the relationship between the attitude error drift rate of the rigid body and the sampling frequency. As the sampling frequency increases, the attitude error drift rate decreases.
It is found that the attitude error drift rate increases as the rigid body rotational speed increases in Fig.12 .
B. SEMI-PHYSICAL SIMULATION
In order to further verify the real-time performance of the proposed attitude algorithm, a semi-physical simulation platform is built by using a three-axis turntable and an actual missileborne flight attitude measuring device. The flight state of the rigid body is simulated by the rocking experiment and the tilting experiment of the turntable to further verify the accuracy of the attitude algorithm calculation and the measuring device.
In order to verify the accuracy of four-subsample quaternion algorithm in this paper, the inertial navigation system independently developed by the laboratory is used. The system consists of a three-axis high dynamic gyro. The output signals of gyros are calibrated and filtered. The threeaxis angular rate turntable is used to simulate the attitude angle variation of a rigid body system in flight state. In order to more realistically simulate the flight state of the test, tilting experiments and rocking experiments are performed respectively.
1) TILTING EXPERIMENTS
Step 1: The inertial navigation device is mounted on the table top of the turntable to ensure that the flight axis (X-axis) is parallel to the turntable main axis, and the Y-axis and the Z-axis form a plane perpendicular to the main axis.
Step 2: Control the turntable, adjust the pitch axis to zero, then the pitch axis tilt 20 deg (the initial pitch is 20 deg).
Step 3: After the system is powered on, record the data and control the X-axis (roll axis) of the turntable to the position 18000 deg at 1800 deg/s, control the Y-axis (pitch axis) within 1-3 second of the rotation, from 20 deg to 17 deg at 10 deg/s.
Step 4: Repeat steps 2 and step3 three times and store the experimental data.
By analyzing the experimental data in Fig.14 and Fig.15 , it can be seen that when the pitch axis of the turntable is tilted from 20 deg to 17 deg at 10 deg/s, the error of the attitude measuring device used in the yaw angle is less than 0.4 deg. The pitch angle error is less than 0.2 deg and the roll angle error is less than 1.6 deg.
2) ROCKING EXPERIMENTS
Step 3: After the system is powered on, record the data, control the X-axis (rolling axis) of the turntable to 10 π rad/s, and turn to the position 18000 deg. Within 1-3 second of the rotation process, the Y-axis (pitch axis) is moved for 10 second with a 2 Hz frequency and a 1 deg amplitude sinusoidal rocking.
In Fig.16 and Fig.17 , when the pitch axis of the turntable performs a sinusoidal rocking simulation experiment at 2 Hz frequency and 1deg amplitude, the error of the attitude measuring device used in the yaw angle is less than 0.3 deg, and the pitch angle error is less than 0.5 deg and the roll angle error is less than 1.2 deg. The yaw angle and pitch angle have better measurement accuracy.
It can be seen from Fig. 15 and Fig. 17 that the yaw angle error and the roll angle error have obvious divergence trends, and the main reason can be attributed to the measurement error of the sensor itself, the non-orthogonal coupling error and the influence of the pitch axis disturbance. 
3) FLIGHT TEST
In order to verify the real-time decoupling and real-time attitude solving of the proposed algorithm, high dynamic gyro and Missile-borne computer are installed, and the algorithm is implanted into the Missile-borne computer. The angular velocity information is measured by the high dynamic gyro, it realizes the real-time computing function of the algorithm during flight. The test data is stored by an online recorder. The test sensor adopts a high dynamic bell-shaped vibrator type angular rate gyro independently developed by the laboratory. The measuring device is composed of three mutually orthogonal gyros, and the measured angular rate signal is processed by the Missile-borne computer to obtain the attitude angle. The test device is shown in Figure 18 . Before the flight test, the performance indexes of the gyro are tested using turntable, high and low temperature boxes, impact tables and other equipment, which include gyro range, bias instability, non-linearity, noise density, overload resistance and so on. The main performance parameters are shown in Table 2 .
The above device was equipped with a 130mm projectile for flight test to obtain the three-axis angular velocity of the projectile, and then determine the attitude angle of the projectile. Fig.19 shows the angular velocity of the projectile during the flight test.
From the collected data, the ammunition flight time is 38 s, the maximum measured angular velocity of the X-axis is close to 3600 deg/s, and the average angular velocity of the Y-axis and the Z-axis oscillate between ±150 deg/s. It indicates that the ammunition is in a strong vibration state during flight, which will inevitably affect the solution of the attitude angle. The decoupling method and attitude algorithm proposed in this paper are used to process the angular velocity information online, obtaining a more accurate attitude angle.
The attitude solution data for the actual ammunition during flight is shown in Fig.20 . It can be seen from the attitude data recorded by the recorder that the attitude algorithm proposed in this paper can meet the real-time solution requirements of flight test. The average yaw angle of the ammunition during flight is about 10 deg, and the pitch angle is changed from the initial 30 deg to the landing time to -30 deg. The angular frequency of the rolling angle is basically the same as the angular rate measured by the gyro. The test data fully demonstrates that the attitude algorithm proposed in this paper can meet the requirements of real-time solution of the attitude during the flight of ammunition. 
VI. CONCLUSION
In this paper, a least squares angular rate zero-crossing detection method suitable for attitude angle decoupling is proposed. The method can estimate the angular motion period, solve the coupling parameters in the angular motion model, and extract the real angular velocity information, and verify the feasibility of the decoupling method through simulation and experiment. In addition, in order to increase the accuracy of the attitude angle of the high-spinning rigid body, a new four-subsample quaternion attitude algorithm is studied. It is based on the combining the angular velocity polynomial fitting and the attitude quaternion equation of high-order Taylor series expansion, which can realizes the high-precision solution of the attitude angle, and the solution accuracy is increased as the Taylor series expansion order is increased. The calculation accuracy of different attitude algorithms is compared using software and semi-physical simulation platforms. The results show that the attitude algorithm proposed in this paper has a higher precision than the traditional algorithm. It is an order of magnitude better than traditional algorithms. In order to verify the real-time solving function of the algorithm, the high-dynamic gyro and the missile-borne computer are used for flight test. The results show that the four-subsample quaternion method proposed in this paper can adapt to the high dynamic environment and meet the requirements of the guided munitions during flight. The main contributions of the paper have certain engineering application value for high-spinning rigid body aircraft.
